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Introduction {#S0001}
============

Membrane vesicles (MVs) are released by Gram-positive and -negative bacteria, mycobacteria and Archaea \[[@CIT0001]\]. The MVs released by Gram-negative bacteria are frequently termed outer membrane vesicles (OMVs), although based on the known heterogeneity of bacterial vesicles and the multiple mechanisms of their production this may not be a fully appropriate name \[[@CIT0002]--[@CIT0004]\]. MVs and their cargos play a role in many biological processes, including biofilm formation \[[@CIT0005],[@CIT0006]\] and the responses to environmental stress \[[@CIT0007]\]. In the case of tissue infection, pathogenic bacteria are thought to use MVs to deliver toxins \[[@CIT0008]--[@CIT0010]\], to act as immune decoys \[[@CIT0011],[@CIT0012]\], and for bacteriophage and antibiotic defusal \[[@CIT0013]\].

The population of MVs released from bacteria is highly heterogeneous in size, structure and molecular content \[[@CIT0014]\], much like that seen for the extracellular vesicles found in human biofluid samples, which include exosomes, microparticles, and apoptotic bodies are present \[[@CIT0015]--[@CIT0017]\]. The release of bacterial MVs is predominantly by "blebbing" from their external cellular membranes as bacteria do not have the machinery to release an equivalent to the intracellular-derived eukaryotic exosomes. Analyses of the molecular content of bacterial MVs does however support the hypothesis that selective packaging mechanisms are at play. Reports to date on the functions and molecular contents of bacterial MVs have predominantly utilised a heterogeneous population in their studies. However, for the study of bacterial MVs in specific pathological settings, it will become increasingly important to standardise protocols for isolation of subpopulations of "pure" MVs in order to better understand their individual biology. To date, the common protocols and methods available have been well reviewed by Klimentová and Stulik \[[@CIT0018]\], but the methods themselves have not been experimentally compared in detail.

Density gradient centrifugation (DGC) is a standard method to purify MVs away from contaminating protein aggregates and cellular structures such as flagellae \[[@CIT0019]\]. However, in the literature the use of DGC with bacterial MVs is not standardised and 'minimal experimental requirements' have not been established. This is in contrast to those released by the International Society for Extracellular Vesicles (ISEV) in 2014 for definition of eukaryotic extracellular vesicles \[[@CIT0020]\] where molecular and single vesicle characterisation by microscopy or particle tracking analysis are recommended as minimal requirements to claim their presence in samples.

In the prokaryote literature it is as common for researchers to use "crude" MVs \[[@CIT0002],[@CIT0021]--[@CIT0023]\], simply isolated by sequential ultrafiltration and ultracentrifugation, as it is for them to further clean these crude preparations by DGC \[[@CIT0009],[@CIT0024],[@CIT0025]\]. Contaminating artefacts including flagellae and protein aggregates are known to co-pellet with the MVs when using ultracentrifugation \[[@CIT0019]\]. Further purification is most often used in studies that directly characterise the molecular contents of MVs. DGC has been employed for example in the recent publications that reported the association of RNA with bacterial MVs \[[@CIT0026]--[@CIT0029]\]. We propose that since the bacterial MV field is maturing rapidly, there should also be a requirement for an MV purification step when researchers are studying their functions in *in vitro* or *in vivo* infection scenarios. After over a decade of use DGC is used as a common method for purification of MVs. Simple separation by size exclusion chromatography (SEC) is another method that has been successful \[[@CIT0030],[@CIT0031]\]. SEC is undergoing resurgence in eukaryotic extracellular vesicle research \[[@CIT0032]--[@CIT0035]\], in part due to its ease and speed of use. The short protocol time for the SEC method compared to DGC has advantages for any unstable cargo isolations in MVs. However the utility of each method for different bacterial species has not been investigated.

In this study we reveal the heterogeneity of MV populations from different bacterial species and the impact of the growth conditions on this diversity. We first report on the relative utility of two different isolation methods and present technical recommendations for researchers studying bacterial MV biology. Specifically, we investigated the use of DGC for MV purification on members of two different bacterial families, Gram-negative bacteria represented by *Escherichia coli* and acid-fast bacteria represented by *Mycobacterium smegmatis*. We have studied the visible differences in DGC fractionation banding between species. We show the effect of technical variability on this banding and also investigate possible contributors to biological heterogeneity by examining changes in the molecular profile within individual fractions when growth conditions for *E. coli* strains are varied. For comparison, we have also evaluated a second isolation method by using commercially available SEC columns (qEV, Izon Science Ltd, New Zealand) for the separation of bacterial MVs.

Our findings suggest that both DGC and SEC are suitable methods for subfractionation of heterogeneous populations of MVs from various strains of bacteria. However, our findings highlight the complexity of these MV populations, both within and between species, and support a requirement for providing careful characterisation information in future published studies on prokaryotic MVs.

Methods {#S0002}
=======

Bacterial strains and growth conditions {#S0002-S2001}
---------------------------------------

Stationary phase cultures of *E. coli* and the slower growing *M. smegmatis* used for crude MV preparations were standardised for starting inoculum, growth period and incubation condition to minimise between-culture variation.

Uropathogenic *E. coli* (UPEC) strain 536 (O6:K15:H31) \[[@CIT0036]\] and probiotic Nissle 1917 \[[@CIT0037]\] were grown to exponential phase in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10 μM FeCl~3~ (RF) or without (R), at 37°C with shaking at 200 rpm, and then diluted 1:100 in RF or R medium (optical density at 600 nm, OD600 \~ 0.015) to be grown to stationary phase for \~16 h overnight in 1 L volumes.

*M. smegmatis* strain mc^2^ 155 \[[@CIT0038]\] was transferred from a Middlebrook 7H11 agar plate (Fort Richard, Auckland, New Zealand) to a starter culture of Sauton's media (0.5 g monobasic potassium phosphate, 0.5 g magnesium sulfate, 4.0 g [l]{.smallcaps}-asparagine, 0.05 g ferric ammonium citrate, 2.0 g citric acid, 47.6 mL glycerol, 0.1 mL of 1% w/v zinc sulfate solution; distilled water added to a total volume of 1 L; pH adjusted to 6.8--7.2 \[[@CIT0039]\];). The starter culture was then adjusted to OD600 \~ 0.05 into 1 L of Sauton's and incubated for 6 days at 37°C with shaking at 200 rpm.

Crude MV preparation {#S0002-S2002}
--------------------

Bacterial cells were removed from the culture broth by centrifuging twice at 7000*g* for 10 min at 4°C, after which any residual cells were removed from the supernatant by filtration using 0.22 μm PES filter (Merck Millipore). Supernatants were concentrated using 100 kDa Vivaflow 200 cassettes (Sartorius AG), which remove proteins and other molecules under 100 kDa. The MVs were pelleted from cleared supernatants by ultracentrifugation at 75,000*g* for 2.5 h at 4ᵒC. MVs were then resuspended in PBS (Sigma-Aldrich), filter sterilised using a 0.22 μm PES syringe filter and further concentrated using 100 kDa Vivaspin 500 columns (Sartorius AG). Resulting crude MV preparations were stored at −80ᵒC.

MV fractionation by DGC {#S0002-S2003}
-----------------------

Crude MV preparations were further purified by DGC. A six layer (2.0 mL each of 45, 40, 35, 30, 25 and 20%) OptiPrep density gradient (Sigma-Aldrich) was set up in 12 mL ultracentrifugation tube (UltraClear 5/8 × 3¾ in, Beckman Coulter). 500 µL of crude preparations containing known but variable amounts of protein were adjusted to the 45% medium before loading into the bottom of the tube and centrifuged at 100,000*g* for 18 h at 4ᵒC (rotor JS-24 and centrifuge Avanti J-30 I, Beckman Coulter). Resulting fractions were determined by visual inspection and removed sequentially from the top using a pipette and diluted in \~50 mL of PBS to remove OptiPrep medium. Fractions were then concentrated with 100 kDa Vivaspin 20 columns (Sartorius AG) to volumes of \~600--900 µL. Fractions were stored at −80ᵒC prior to molecular analysis. Each fraction underwent a minimum quality control to assess protein content and particle count as detailed below.

MV fractionation by qEV SEC {#S0002-S2004}
---------------------------

qEV columns (IZON, New Zealand) were used following the manufacturer's instructions. Briefly, the column was washed with 10 mL of PBS prior to use. When ready, 500 µL of the crude MV sample with known protein content were loaded into the top-filter of the column. Thirteen or more \~0.5 mL fractions were eluted and collected manually in 1.5 mL tubes while 6 mL of PBS was added to the column. The qEV column was then washed with 20 mL of PBS and stored with 20% ethanol in water. Wash solutions were tested for protein contamination by BCA assay. Columns were thoroughly cleaned using 10 mL 0.5M NaOH followed by PBS until the eluate reached a pH of 2--14. Each qEV fraction was quality controlled for protein and particle count as for the DGC fractions.

Protein analysis {#S0002-S2005}
----------------

MV preparations were quantified for protein content using bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) according to the manufacturer's instructions, and protein profiles assessed after sonication of the vesicles using NuPAGE Bis-Tris 4--12% gradient gels (Thermo Fisher Scientific) and SYPRO Ruby staining (Thermo Fisher Scientific). Stained gels were imaged using a Gel Doc^TM^ EZ system (BioRad). We note that a trial sonication of the isolated vesicle preparations before BCA assay did not affect their detected quantities.

RNA isolation and analysis {#S0002-S2006}
--------------------------

MV preparations were resuspended in up to 1 mL of TRIzol LS (Thermo Fisher Scientific), and 200 μL of chloroform and 2 μL of 5 mg/mL glycogen (Thermo Fisher Scientific) added. Samples were vortexed for 15 s, incubated for 10 min at room temperature and centrifuged at 17,000*g* for 10 min at 4ᵒC. The upper aqueous phase was collected and mixed with 1.25 volume of 100% ethanol, and purified using a mirVana RNA isolation kit (Thermo Fisher Scientific), according to the manufacturer's protocol for total RNA isolation. Yields were determined by Qubit 2.0 fluorometer using Qubit RNA HS assay kit (Thermo Fisher Scientific). The RNA concentrations of MVs isolated from each fraction were too low to allow further qualitative analysis.

Endotoxin analysis {#S0002-S2007}
------------------

Lipopolysaccharide (LPS) was quantified by EndoZyme® recombinant Factor C Endotoxin Detection Assay (Hyglos GmbH, Germany). The procedure was performed as per manufacturer's instructions. Plates were read on a PerkinElmer EnSpire 2300 plate reader, and the results were expressed in endotoxin units (EU).

Particle count and size measurement by NTA {#S0002-S2008}
------------------------------------------

The particle concentrations in MV preparations were analysed by nanoparticle tracking analysis (NTA) using a Nanosight NS300 system (Malvern Instruments Ltd.). The data were analysed using NTA software version 3.0. The machine was calibrated and cleaned between samples with ultrapure water (MilliQ, Millipore) Each sample was diluted 100--10,000 times with PBS, administered at constant flow rate (50 AU) with an automated syringe pump at 25°C and recorded in sets of three videos of 30 s with 5 s delay between recordings. Camera level varied between 7 and 8 and detection threshold was 5. Each sample was measured in triplicate and data were combined for analysis.

Transmission electron microscopy {#S0002-S2009}
--------------------------------

For negative staining, MV preparations were adsorbed onto Formvar-coated copper grids for 2 min. Excess sample was blotted off with filter paper. The grid was then transferred to a 20 µL drop of 2% (w/v) aqueous uranyl acetate for 2 min before blotting off the excess and air drying the grids. All grids were viewed in a Tecnai G^2^ Spirit TWIN (FEI, Hillsboro, OR, USA) transmission electron microscope (TEM) at 120 kV accelerating voltage. Images were captured using a Morada digital camera (SIS GmbH, Munster, Germany).

Results {#S0003}
=======

Growth conditions influence MV populations in uropathogenic E. coli 536 {#S0003-S2001}
-----------------------------------------------------------------------

The phenotype of bacterial cultures can be dependent upon key components of the culture conditions and these can reflect events that may occur during an infection. To investigate the role of MVs in infection, it is important to understand any significant variations in the profile of MVs purified from bacteria grown in different conditions. One example is the effect of iron restriction \[[@CIT0040]\], which has a dramatic effect upon broth cultures of UPEC 536 \[[@CIT0041]\].

We first analysed the UPEC 536 MV fractions purified by OptiPrep DGC. Our starting samples were biologically replicated crude MV pellets isolated from bacteria cultures grown in iron restricted medium RPMI 1640 (R), concentrated sequentially through a 0.22 µM, then a 100 kDa filter followed by ultracentrifugation. Fractionation of three crude MV preparations by DGC, with known but varying protein loading, generated largely reproducible banding patterns ([Figure 1](#F0001){ref-type="fig"}) that were clearly altered when the bacteria were grown supplemented with iron (RF). Each visible band was individually collected along with the density layer immediately above it rather than using a procedure of taking equal volume aliquots that could have mixed band contents. This produced six broadly reproducible and defined fractions (see bracketed in [Figure 1](#F0001){ref-type="fig"}). The final highest density fraction, F6, lacked a band but contained any residual pellet. These fractions were then filter purified (100 kDa) to remove the OptiPrep prior to further characterisation. [Figure 1](#F0001){ref-type="fig"} reveals the molecular content of each fraction, highlighting that the lower density bands at the top of the tube (fractions F1--F3) are enriched with protein and particles as counted by NTA. The recovered yields of protein in all the fractions, proportional to the amount loaded in the crude MV preparation, were 68.5--77.9% for RF and 70--81.5% for R. When grown in iron restricted conditions (R), fraction F1 actually contains two visible bands on the DGC that could not be separated during manual collection. If the particle-rich fractions F1--F3 ([Figure 1](#F0001){ref-type="fig"}) were pooled, the percentage of recovered protein in the pooled fraction relative to all fractions totalled was 92.3--99.3% for RF and 90.2--95.5% for R. This suggests that most of the recovered protein co-separates in these low density particle-rich fractions.Figure 1.Fractionation of UPEC crude MVs by density gradient centrifugation. (a) UPEC I, II and III indicate three replicates prepared on different days. Density gradient fractionation of three replicate crude MV preparations from UPEC 536 grown with (RF) and without (R) iron supplementation. Density gradient banding in the tubes have individual fractions bracketed and are labelled from low to high density with visible bands marked with lines. (b) Protein amount and particle count are graphed as a percentage per fraction of all recovered. Error bars are mean ± standard deviation.

A more detailed molecular analysis of one of these three replicates (UPEC III; [Figure 2](#F0002){ref-type="fig"}) found that the less dense fractions F1-3 for RF culture condition contain not only most of the particles (99.5% of all recovered) and protein (92.3%), but also the most RNA (82.2%) and endotoxin (95.3%). Comparison of 1D PAGE gel banding patterns revealed few differences in individual protein bands between fractions. Taken together, these results show that there was little free protein in our MV preparations, which is probably removed through the initial 0.22 µm filtration, 100 kDa cut off concentration and ultracentrifugation steps.Figure 2.Full molecular characterisation of density gradient fractions for one representative preparation of UPEC 536 MVs (UPEC III). One crude MV preparation from UPEC grown with (RF) and without (R) iron supplementation was further characterised. (a) Density gradient banding in the tubes have individual fractions bracketed and are labelled from low to high density with visible bands marked with lines. (b) Protein (µg/fraction), endotoxin (EU/fraction), RNA (ng/fraction), and particle counts (Millions/fraction) are graphed for each fraction. (c) PAGE profile of MV proteins with 10 µL of each fraction loaded and stained with SYPRO Ruby.

We have previously published visualisations of each fraction for RF in UPEC III (\[[@CIT0026]\]: S1 Fig. within the referenced paper) by TEM supports the presence of properly structured MVs in F2--F3. Interestingly in F4 we could clearly detect a population of \~30nm particles that would be too small for detection by NTA \[[@CIT0042],[@CIT0043]\] and we hypothesise them to be lipid micelles that from our molecular analyses contain little endotoxin ([Figure 2](#F0002){ref-type="fig"}). This F4 population also contains 13.5% of all recovered RNA but is relatively protein poor (2.7% of all recovered).

Different strains of E. coli (pathogenic and non-pathogenic) show similar DGC banding patterns {#S0003-S2002}
----------------------------------------------------------------------------------------------

Different isolates of bacterial species can exhibit different levels of pathogenicity. To investigate whether two strains of the same bacterial species differ in the profile of MVs released, we chose to compare the uropathogenic strain UPEC 536 with the probiotic strain Nissle 1917; two *E. coli* strains that have well documented similarities and differences \[[@CIT0044]\]. We performed DGC on three crude MV preparations from Nissle 1917 again cultured in R and RF ([Figure 3](#F0003){ref-type="fig"}) and compared the banding patterns and content profile to that of UPEC 536. Both *E. coli* strains had the highest particle counts and protein yield in the three least dense fractions (F1--F3) in both RF (with iron) and R (limited iron) conditions. The greatest variation between three replicates in DGC banding was seen with Nissle 1917 in the presence of iron (RF). Like UPEC, Nissle 1917 responded to the absence of iron from the culture media (R), with reproducible changes to the DGC banding patterns observed. Our molecular analyses of the manually collected fractions of Nissle 1917 MVs confirmed high recovery of protein (82--95.5% of all fractions) and particle counts (85.6--99.7%) in the less dense fractions F1-3 when grown in R condition. DGC of crude MVs from Nissle 1917 grown in RF gave the highest more particle counts in F1 (25--54% of all fractions) than seen before in UPEC 536 (0.1--8%; [Figure 1](#F0001){ref-type="fig"}). This suggests that the supplementation of iron in *E. coli* cultures may cause release of unique vesicle populations in certain strains.Figure 3.Fractionation of Nissle 1917 crude MVs by density gradient centrifugation. (a) Nissle I, II and III indicate three replicates prepared on different days. Density gradient fractionation of one crude MV preparation from UPEC 536 grown with (RF) and without (R) iron supplementation alongside three from Nissle 1917. Density gradient banding in the tubes have individual fractions bracketed and are labelled from low to high density with visible bands marked with lines. (b) Protein amount and particle count are graphed as a percentage per fraction of all recovered. Error bars are mean ± standard deviation.

Comparison of using size exclusion column with DGC {#S0003-S2003}
--------------------------------------------------

The purification of a crude MV preparation by DGC is time consuming requiring an overnight centrifugation and hours of hands on laboratory time. We therefore trialled use of a commercial SEC column (qEV) for this purpose, a process that has been validated for the purification of eukaryotic extracellular vesicles \[[@CIT0032],[@CIT0033],[@CIT0045]\], and has the advantage that it takes less than an hour to run. There are no recommended manufacturers' protocols for loading amounts and volumes for using these columns with bacterial MVs. We therefore used three further preparations of crude MVs isolated from UPEC grown with iron supplementation (RF), of varying protein content. Thirteen fractions of 500 µL each were sequentially collected and characterised for protein, RNA, endotoxin and particle counts ([Figure 4](#F0004){ref-type="fig"}). Fractionation of qEV I and II were performed on the same qEV column using two separate preparations of crude MV isolated from UPEC grown with iron supplementation to assess the possibility of re-use of the column. A 0.5M sodium hydroxide wash step was used to clean the column in between samples. Focusing on the protein yield and MV particle counts, the second run (qEV II), interestingly had a "tail" of protein eluting into the later fractions when compared to the first (qEV I). To test whether this "tail" was due to the washing steps, we performed a third fractionation using another new column (qEV III) loading more input quantity to the column. The same "tail" pattern was seen and we conclude this is due to the latter two samples having a greater initial loading of MVs than the first trial (681 µg and 1168 µg relative to 298 µg), rather than the tailing being an effect of reusing a washed column. Three further replicate crude MV preparations of UPEC RF (755--820 µg protein equivalent), UPEC R (670--855 µg), Nissle 1917 RF (427--553 µg) and Nissle 1917 R (441--547 µg) were separately loaded onto qEV columns and the per fraction recovery of protein and particles was found to be reproducible ([Figure 5](#F0005){ref-type="fig"}).Figure 4.Fractionation of UPEC RF crude MVs using qEV size separation columns. Three biological replicates of crude MVs isolated from UPEC 536 grown with iron supplementation (RF) were fractionated by SEC. qEV I and qEV III were performed using new qEV columns, whereas qEV II was separated on the washed qEV column after the fractionation of qEV I. Particle counts, protein, RNA and endotoxin in each fraction as a percentage of all recovered are graphed. Recovery of all fractions, relative to input and amount of molecules in the vesicle enriched fractions F8--F10 are tabulated to the side. Transmission electron microscopy of representative fractions F8--F10 are inset in the top right hand corner with two magnifications per fraction shown.Figure 5.Fractionation of *E. coli* crude MVs is highly reproducible when equal protein loaded is used. Three biological replicates of crude MV preparations isolated from UPEC 536 (a, b) and Nissle 1917 (c, d) grown with (RF) and without (R) iron supplementation were fractionated by SEC. Protein amount and particle counts are graphed as a percentage per fraction of all recovered. Error bars are mean ± standard deviation.

The overall protein recovery rate, when almost equal amounts of protein were loaded for UPEC RF was similar by qEV, 63.4--79.7% compared to DGC at 68.5--77.9%. The overall protein recovery in all fractions from qEV improved with increasing crude MV input amount ([Figure 4](#F0004){ref-type="fig"}, qEV I to qEV III). Focusing on the fractions that contained the largest particle counts, F1--F3 by DGC and F8--F10 by qEV, the protein recovery relative to the amounts loaded were 63.2--74.0% by DGC and 48.3--53.5% for qEV. The qEV isolated F8--F10 were validated as vesicle containing by TEM on a representative UPEC RF sample ([Figure 4](#F0004){ref-type="fig"}).

LPS is an integral part of the outer membrane of Gram-negative bacteria (e.g. *E. coli*), which can be released into culture media by bacteria, and its endotoxin activity elicits well documented inflammatory/immune responses from mammalian cells \[[@CIT0046],[@CIT0047]\]. It is important to consider this effect when interpreting the results from pathogenicity experiments with MVs and their components. Interestingly, the endotoxin in crude MV preparations appeared to be trapped in the qEV column and was slowly released into the later fractions in all three of our qEV UPEC RF trials ([Figure 4](#F0004){ref-type="fig"}). The LPS content of the MV-containing fractions F8--F10 in qEV I to III was calculated as 4.7--22.5% of the total in all fractions in comparison with DGC fractions F1--F3 in UPEC, which was 31.7--39.7%. Therefore use of the qEV column, rather than DGC may improve removal of some of the contaminating free LPS from the crude MV samples.

Different bacteria release uniquely fractionated MVs {#S0003-S2004}
----------------------------------------------------

The MVs released by different bacterial species vary in protein, lipid and nucleic acid content \[[@CIT0001],[@CIT0048]\]. The membrane envelope structure and mechanism of release may also differ between different species and their growth conditions resulting in MV populations of varied density or size. Such differences may influence fractionation of MVs by DGC and SEC. To investigate the fractionation of MVs from another bacterial species, we isolated MVs from the soil saprophyte *M. smegmatis*, a phylogenetically and physiologically distinct species to *E. coli*. We tested both DGC and SEC fractionation methods on duplicate preparations of crude MVs isolated from *M. smegmatis* ([Figure 6](#F0006){ref-type="fig"}). Side-by-side comparisons found that the *M. smegmatis* vesicles exhibited a unique profile pattern in DGC fractions when compared to visible fractions from UPEC 536 and Nissle 1917 MVs, with the majority of particles present in the higher density fractions F4--F5 (46.6--66.3% of all recovery). 96.5--100% of protein and 74.8--79.7% of the isolated RNA were also found in those DGC fractions F4--F5 from *M. smegmatis* MVs. This supports the hypothesis that different bacterial species release unique populations of MVs that differ in density.Figure 6.Density gradient and qEV fractionation of *Mycobacterium smegmatis* crude MVs. (a) Crude MV preparations from duplicate *M. smegmatis* cultures (MS I and MS II) were fractionated separately by either density gradient centrifugation (left) or by qEV size exclusion chromatography (right). A new qEV column was used for each size separation. (b) Protein, RNA yield, and particle counts are graphed as a percentage per fraction of all recovered. (c) PAGE profile of MV proteins with 10 µL of each fraction from MS I crude MV preparation loaded and stained with SYPRO Ruby.

Finally, we trialled qEV size separation for the *M. smegmatis* MVs ([Figure 6](#F0006){ref-type="fig"}). There was a continuing "tail" of protein yield and particle counts from fractions F8 onwards with the *M. smegmatis* MVs, similar to our observation with UPEC MVs. This may be in part due to large quantities (MS I = 1786 µg and MS II = 325 µg by protein content) of crude *M. smegmatis* MVs being loaded onto the qEV columns. The protein banding patterns of the MS I qEV fractions match those of the DGC F4--F5 roughly confirming that the same populations of MV are being isolated by two fractionation methods. However, by DGC the RNA was dominantly associated with protein and particle-rich fractions, whereas by qEV the RNA yields gradually increased with fraction number as protein and particle counts dropped. This suggests that the RNA is either associated with small vesicles or other molecules that elute in later fractions from the SEC, or alternatively is trapped in the qEV column causing slower elution.

Discussion {#S0004}
==========

In this study we have highlighted the technical variability and inherent biological heterogeneity seen within and between bacterial species when crude MV preparations are fractionated by DGC. Since DGC separation is so time consuming, we also successfully trialled commercial SEC columns to purify MVs.

It was evident from our study that standardisation of MV purification techniques will be critical as this field advances. Guidelines for both the isolation and characterisation of extracellular vesicles and in particular exosomes from eukaryotes have previously been published in the *Journal of Extracellular Vesicles* \[[@CIT0020],[@CIT0049]\]. These guidelines include recommendations for clear reporting of sample collection all the way through to careful multimodal characterisation of isolates. In contrast, there are no minimal standards as yet for the isolation of prokaryote MVs. Some researchers strongly recommended the use of DGC for the purification of MVs to remove common contaminants such as flagellae and protein aggregates \[[@CIT0019]\]. Therefore, we tested the practicality and reproducibility of using the DGC procedure for the enrichment of MVs.

It is of note that for bacterial MV DGC isolation, most published studies collect "equal volume" (1 or 2 mL) fractions sequentially from the top of the gradient after DGC \[[@CIT0014],[@CIT0024],[@CIT0050],[@CIT0051]\]. Commonly, the MV-containing fraction is deemed to be the most protein-rich \[[@CIT0003],[@CIT0014],[@CIT0051],[@CIT0052]\]. Our study however has found that the visible bands do not always settle in exactly the same place down the gradient. Due to this small variation we instead use the order of the visible banding pattern to determine the fractions for collection. This banding variation can be minimised by standardising the users and collection and handling protocols. Our downstream molecular analyses showed that in UPEC, the protein, LPS, RNA and MVs co-fractionate in the less dense top fractions.

Although the DGC banding patterns in UPEC vary with growth conditions (R and RF), an interesting biological finding itself, we have found that there is little difference in molecular patterns between two strains of *E. coli*, UPEC 536 and Nissle 1917. From this similarity we might suggest that a single fractionation protocol might be used to isolate the MV-rich populations for every strain within a species, however we would recommend in-house trials to confirm this for a species of interest.

The finding that the reproducibility of banding pattern between *E. coli* strains and biological replicates was improved in the iron depleted conditions (R) is of interest. The lack of iron in a culture system triggers a stress response in bacterial species, including *Haemophilus influenza* and *Mycobacterium tuberculosis*, which in turn causes the release of MVs \[[@CIT0025],[@CIT0053]\]. Therefore in an infection environment, where the bacterium would encounter such stress, the released MVs may differ. Our study adds *E. coli* to the list of bacteria exhibiting differential MV production and molecular content in response to culture under iron restriction \[[@CIT0025],[@CIT0053]--[@CIT0057]\]. This finding emphasises the need to carefully consider *in vitro* culture conditions when studying these pathogens and their MVs. We recommend that bacteria are cultured in conditions that best reflect their infection environments or milieu (e.g. RPMI ± iron), rather than in conditions of convenience (e.g. Luria broth).

In contrast, the DGC banding and molecular contents were very distinct for *E. coli* and *M. smegmatis* where in the latter the vast majority of the protein and MVs were found in the higher density fractions. Two other mycobacteria, *M. abscessus* and *M. marinum*, also have their own unique banding patterns after DGC (unpublished data). With further experimentation, this may suggest that an optimised fractionation protocol could be used for every strain within a species but may not be transferable between species or beyond.

As with *E. coli, M. smegmatis* RNA is associated with the crude MV preparation. Unlike *E. coli* however, after qEV size separation it appears that the *M. smegmatis* RNA does not co-fractionate with the majority of the protein or MVs. Even when considering the DGC data we find that mid density fraction F3, is low in protein and particle counts but also contains RNA. Therefore we propose that some of the secreted *M. smegmatis* RNA may associate with protein-poor, lower density, but low abundance particles. This parallels the finding of a specific population of RNA-rich globotriaosylceramide-lipid containing vesicles that are secreted by eukaryotic mesenchymal stem cells as part of a more diverse mixture of total vesicles \[[@CIT0058]\]. Our data from *M. smegmatis* further highlights the heterogeneity of prokaryotic MVs both between species and within an organism, and supports the need for their clear characterisation and careful fractionation.

Although we have shown that the MV fractionation by DGC is technically reproducible and able to clearly divide a heterogeneous sample, the method itself is time consuming. Therefore we also trialled size separation columns that are commercially available and previously shown to be effective for the purification of exosomes from challenging samples like blood plasma \[[@CIT0033]\]. Our analyses found that although the overall protein recovery rate was slightly lower by qEV than DGC, it was still able to purify MVs for UPEC. Aside from time saved, one further benefit for Gram-negative bacteria is the ability to partially deplete LPS from the purified MV fraction. Whether this is in free form or is a low abundance LPS-rich MV population we are unsure. LPS has been reported to be a useful marker of MV production \[[@CIT0059],[@CIT0060]\]. However based on our SEC findings, with loss of LPS levels, it would not be a suitable choice as a marker for the rates of MV production when using this method of purification. We also note that it is possible to overload the qEV column with protein input, possibly leading to the shift in elution times that we have reported for the protein and particle containing fractions. For increased plasma volumes (\>1 mL), and therefore protein inputs, this, as reported by the manufacturers of the qEV column, can lead to a shift in the elution times as reported by the manufacturers of the qEV column. The outcome of this will be that exosomes eluted in later fractions become contaminated with protein aggregates and less able to be cleanly separated. Therefore optimisation and equalisation of loading amount for bacterial MVs is recommended prior to SEC use.

From our findings we can conclude that the approaches advocated by the ISEV position papers released for the reporting of eukaryote extracellular vesicles are also highly applicable for research on prokaryotic MVs. We would support the importance of molecular and single vesicle characterisation to confirm the presence of vesicles in an isolate \[[@CIT0020]\]. In addition, moving toward distinct prokaryote-specific standardisation of upstream sample collection and MV isolation such as those currently defined in the published guidelines for eukaryotes \[[@CIT0049]\] is warranted. For example, we recommend comprehensive reporting of bacterial strains, culture growth conditions and biological replicates, which we have shown can substantially contribute to MV heterogeneity. Clear presentation of technical factors such as the processing and purification methodology, coupled with complete downstream molecular and single vesicle characterisation of the isolates should be considered as the minimal reporting requirements for prokaryotic vesicle isolation.

In summary, both DGC and qEV are able to fractionate a heterogeneous population of MVs. Both methods have their pros and cons for use due to the differences in the way that each works to separate MVs from contaminants and between MV populations. DGC may be the current gold standard for bacterial MV isolation and capable of separating unique populations of MVs, but qEV is less time consuming and as able to separate a generic mixed population of MVs. Although UPEC MVs were relatively homogenous for size, density and molecular contents, the *M. smegmatis* MVs are much more heterogeneous and more problematic for application of simple size exclusion isolation. Based on this, we believe that both DGC and qEV have their merits and would recommend trialling both as options for isolation of MVs from every prokaryotic species. The microbe MV field is rapidly evolving. In the future, with increased understanding of the molecular heterogeneity of bacterial MVs, supplementary protein markers could be applied to the isolation protocols to test for purity, in the same way as CD63 and Alix are commonly used for eukaryotic exosomes \[[@CIT0061],[@CIT0062]\]. However, these protein markers are likely to be species specific rather than universal due to the lack of conservation. It is also likely that with clearer proteomic characterisation of pure MVs released from each bacterial species, immunoaffinity capture purification against specific proteins may be used to fractionate the individual populations of MVs. Until that time, standardised DGC and SEC protocols as well as improved transparency in method reporting will assist with building on the current understanding of prokaryotic MVs.
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